Soft X-ray resonant scattering study of single-crystal LaSr 2 Mn 2 7 
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Soft X-ray resonant scattering studies at the Mn Ln, m- and the La Miv, v- edges of single- 
crystal LaSr 2 Mn 2 07 are reported. At low temperatures, below T N w 160 K, energy scans with a 
fixed momentum transfer at the A-type antiferromagnetic (0 1) reflection around the Mn Ln, m- 
edges with incident linear a and tt polarizations show strong resonant enhancements. The splitting 
of the energy spectra around the Mn L 11) m-edges may indicate the presence of a mixed valence 
state, e.g., Mn 3+ /Mn 4+ . The relative intensities of the resonance and the clear shoulder- feature as 
well as the strong incident a and 7r polarization dependences strongly indicate its complex electronic 
origin. Unexpected enhancement of the charge Bragg (0 2) reflection at the La Miv, v-edges with a 
polarization has been observed up to 300 K, with an anomaly appearing around the orbital-ordering 
transition temperature, T 0Q « 220 K, suggesting a strong coupling (competition) between them. 

PACS numbers: 61.10.-i, 71.30.+h, 75.25+z, 75.47.Lx 



INTRODUCTION 

Strongly correlated electron systems such as 3d 
transition-metal (TM) oxides present exciting fundamen- 
tal properties, e.g., the superconducting behavior or the 
extraordinary colossal magnetoresistance effect. Their 
rich structural, magnetic and electronic properties are 
governed by the interplay of lattice, spin, charge and or- 
bital degrees of freedom. Identification and precise char- 
acterization of the ordered phases is a prerequisite for un- 
derstanding the physical properties and unusual phenom- 
ena. Among all possible experimental techniques, reso- 
nant X-ray scattering combined with its spectroscopic 
characteristics stands out due to its unique sensitivity to 
probe the charge/orbital ordering (CO/OO). With the 
application of resonant X-ray scattering in the hard X- 
ray regime [I], significant progress on the experimental 
quest of the orbital degree of freedom in 3d TM com- 
pounds has been made. The resonant enhancement of 
the CO/OO super-reflections in LaSr 2 Mn 2 07 has been 
observed at the Mn if -edge [2j [3] . However, the reso- 
nance at the K-edge of 3d TMs is due to dipolar exci- 
tations from the Is to 4p band and thus only indirectly 
reflects the 3d electronic states. An alternative way is 
the resonant soft X-ray scattering. This is a powerful 
technique for directly probing the ordered phases indi- 
vidually. Utilizing this method, some studies [JUS] show 
strong resonant enhancements of the expected superlat- 
tice reflections around the Mn L llj m-edges (2p — >• 3d) 
which are known to be very sensitive to the details of the 
3d electronic states, supporting direct and definitive evi- 
dences for the ordering of charge, orbital and spin degrees 
of freedom in various manganites. 

The compounds La2-2 X Sri + 2 X Mn207 consist of Mn02 
bilayers separated by the rock-salt-type (La, Sr)202 
blocking bilayers. They are stacked vertically along the 



c axis (74/mmm, Z = 2) as shown in Fig. [TJa) tak- 
ing the half-doped LaS^M^Or (x = 0.5) as an ex- 
ample. Though no structural transition was reported 
for LaSr2Mn2 07 below room temperature [7 , this com- 
pound undergoes a transition into the CE -type charge- 
orbital ordered state at ~225 K [2\. This state starts 
melting around 170 K where the ^4-type antiferromag- 
netic (4- AFM) structure forms [Fig. [lja)]. The (0 1) 
reflection corresponds to this long-range ^4-AFM ordering 
stacked along the crystallographic c axis. The CO/OO 
breaks down at ~100 K but recovers again around 50 K. 
This reentrant behavior was discussed in terms of a po- 
laron model [2]. In addition, the minor CE- AFM phase 
was reported to coexist with the major ^4-AFM one be- 
low ~145 K and be drastically but not completely sup- 
pressed below ~100 K. This phenomenon was viewed as 
an effective phase separation [8]. 

In this article, we report a resonant soft X-ray scatter- 
ing study of the AFM (0 1) and the charge Bragg (0 
2) reflections in LaS^M^Oy, varying incident photon 
polarizations. The detailed energy and temperature de- 
pendencies were monitored. Our study confirms that the 
energy spectra of the AFM (0 1) over the Mn L IIf m - 
edges consist of six clear features. In addition, we found 
a huge resonant enhancement of the charge Bragg (0 
2) reflection at the La M IV , v -edges. 

EXPERIMENTAL DETAILS 

Most available soft X-ray scattering chambers host 
two-circle diffractometers. This geometry leads to severe 
restrictions for sample rotating around the surface nor- 
mal (^-circle) and sample tilting (x-circle) [Fig. [2|a)], 
which are both essential degrees of freedom for single- 
crystal resonant soft X-ray scattering studies. Therefore, 




FIG. 1: (color online) (a) Structural (I4/mmm, Z = 2) unit- 
cell of LaSr2Mn2 07 and arrangement of A-AFM spins of Mn 
ions. Structural parameters were taken from [7]. (b) An oc- 
tahedron of Mn06 along the c axis and its distortion mode, 
(c) Local crystal environments for the Lai and La2 sites. 
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FIG. 2: (color online) (a) Miniature goniometer utilized in 
this study for rotating and tilting the LaSr2Mn2 07 sample in 
ip and x angles, respectively, (b) Basic notations for the reso- 
nant soft X-ray scattering set-up at the UHV ALICE diffrac- 
tometer at Berliner Elektronen-Speicherring Gesellschaft fiir 
Synchrotronstrahlung (BESSY). 



a precise pre- alignment on the sample to be measured is 
crucial. Even when such a perfect pre-alignment is possi- 
ble, any small angular deviations that often appear dur- 
ing the cooling of the sample or due to the temperature- 
dependent change of the lattice parameters may still eas- 
ily ruin the efforts. To overcome these limitations, a 
new portable ultrahigh-vacuum (UHV) goniometer has 
been designed and built for resonant soft X-ray scatter- 
ing, which makes it feasible to adjust samples along x 
(±2.5°) and ip (360°). This miniature goniometer dra- 
matically improves the efficiency of soft X-ray scattering 
chambers. Single crystals of LaS^M^Or were grown 
by the floating-zone method [9 . A polished one was 
mounted on the center of a copper plate braced to the 
goniometer (Fig. [2| with [0 1] direction nearly nor- 
mal to the scattering plane. Resonant soft X-ray scat- 
tering data were collected on the two-circle UHV ALICE 
diffractometer [10] equipped with our goniometer at the 
UE56/l-PGM-b beamline of the BESSY, Germany. The 
vertical scattering geometry is shown in Fig. [2^b) where 
ip is the so-called azimuthal angle which represents the 



relative orientation of the sample with respect to Q. 



RESULTS AND DISCUSSION 

Fig. [3^ a) shows the energy dependence of the inte- 
grated intensity of the AFM (0 1) through the Mn 
La, in-edges at 15 K. A similar observation on this com- 
pound was previously reported [TT] where only observed 
intensity without polarization analysis was recorded at 20 
K. Clearly, the present study is more detailed. The spec- 
tra show a very strong polarization dependence and are 
dominated by scattering at the Mn L :iI -edge. Six clear 
features are present: four peaks (2, 4, 5 and 6) and two 
shoulders (1 and 3). The intensity ratio between the two 
main features 2 and 4 is reversed with the different polar- 
izations. The splitting of the energy spectra with a and 
7r polarizations around the Mn L 11} Ii: -edges is probably 
ascribed to the existence of a mixed valence state, e.g., 
Mn 3+ /Mn 4+ type. The contrast intensity between both 
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FIG. 3: (color online) Energy dependence of (a) AFM (0 
1) recorded over the Mn L lls m-edges and (b) charge Bragg 
(0 2) reflection over the La Miv, v-edges with incident linear 
a and tt polarizations at 15 K. The intensity was integrated 
from longitudinal scans at each energy point, (c) and (d) 
longitudinal scans of the (0 1) and (0 2) reflections, re- 
spectively, at and off their strongest resonant energies ^643.0 
eV (Mn Lin-edge) and -834.2 eV (La M v -edge). 



spectra results from different orientations of the incident 
linear a and tt X-ray relative to the magnetic moments. 
The resonance of the charge Bragg (0 2) reflection at 
the La M IV , v-edges with a polarization [(Fig. [3^b)] was 
unexpectedly observed at 15 K. This resonant enhance- 
ment is extremely large and has dramatic polarization 
dependence at the La M IV , v-edges as shown in Fig. [3^d) 
where the resonance with the incident tt polarization is 
very small. Figures. [3^c) and (d) comparatively show 
the longitudinal scans of the AFM (0 1) and the charge 
Bragg (0 2) reflections, respectively, at and off their 
strongest resonant energies ~643.0 eV (Mn L m -edge) 
and -834.2 eV (La M v -edge). 

The temperature dependences of the AFM (0 1) re- 
flection at the six energies corresponding to the six fea- 
tures 1, 2, 3, 4, 5 and 6 [Fig. [3]^a)] and the charge Bragg 
(0 2) reflection at the La M v -edge with a polariza- 
tion upon warming were shown in Fig. [4j The integrated 
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FIG. 4: (color online) Temperature dependent integrated in- 
tensity (measured in the longitudinal direction) of (a) charge 
Bragg (0 2) reflection at the La M v -edges, and (b) AFM (0 
1) reflection recorded at the six energies corresponding to 
the six features 1, 2, 3, 4, 5 and 6 as labeled in Fig.[3|a). 



intensities of the AFM (0 1) decrease gradually as in- 
creasing temperature to T N ~160 K and then disappear 
simultaneously [Fig. Qb)]. The intensity of the charge 
Bragg (0 2) reflection persists up to 300 K and exhibits 
a broad peak around 220 K [Fig. Qa)]. The recorded in- 
tensity of the charge Bragg (0 2) reflection over the Mn 
La, in- and the La M IVj v- edges at 300 K was shown 
in Fig. |5|a). The corresponding longitudinal scans at 
the Mn and the La M v - edges were shown in Fig. 
|5|b). The intensity ratio between the two main peaks 
at the Mn L :iI -edge keeps the numerical relationship 
with a and tt polarizations. Compared to Ref. [4 where 
the Lai.05Sri.95Mn2O7 sample was investigated, the res- 
onance observed here has a different spectral shape and 
much clearer features, i.e., an obvious peak splitting at 
the Mn Lm-edge, probably ascribing to the different Mn 
3d electronic states and the different scattering factors of 
the charge Bragg (0 2) reflection resulting from the dif- 
ferent doping levels. Whereas, the spectra around the 
La M IVj v-edges involve only a single resonant peak each 
and this resonant enhancement is extremely large with 
dramatic polarization dependence as shown in Fig. [5j 
Developing a correct theoretical model to simulate the 
observed energy spectra is indispensable for further un- 
derstanding the physics behind. 

Superlattice reflections corresponding to the propaga- 
tion vector Q = (\\0) in LaS^M^Or were believed to 
be relevant to the 3d OO (3x 2 - r 2 /3y 2 - r 2 ) of Mn 3+ 
ions, which is accompanied by the CO of 1:1 Mn 3+ /Mn 4+ 
species [12] . X-ray, neutron and electron diffraction stud- 
ies [21 [12] indicate that the coupled CO/OO developed 
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FIG. 5: (color online) (a) Energy dependence of charge Bragg 
(0 2) reflection recorded over the Mn L 11} m - (left) and the 
La Miv, v- (right) edges at constant wavevector with incident 
linear a and ty polarizations at 300 K. (b) Corresponding lon- 
gitudinal scans at the Mn Lu- and the La M v - edges. 



at ~225 K starts melting at the ^4-AFM transition tem- 
perature, ~170 K, and collapses below ~100 K. How- 
ever, the CO wavevector was subsequently suggested to 
be (^0) different with that of the OO 0. The direct 
observation of the orbital reflection (||0) using res- 
onant soft X-ray scattering technique at the Mn L IIj m - 
edges shows that the OO develops at ~225 K and persists 
down to ^20 K, with a small change in the gradient of 
the observed intensity below ~100 K. Comparing Refs. 
[3] [TTJ [12], it seems that the OO causes an occurrence 
of the CO and subsequently drives the formation of the 
long-range ^4-AFM spin ordering. The breakdown of CO 
is due to the ferromagnetic spin couplings in crystallo- 
graphic a- b plane in the AFM state. In addition, the 
change in the temperature-dependent integrated inten- 
sity of the charge Bragg (0 2) reflection at the La M v - 
edges [Fig. [4^a)] seems to be inversely correlated to that 
of the OO reported in [11 , indicating a possible competi- 
tion between them. Therefore, complicated cooperation 
and competition between spin, charge, orbital and lattice 
degrees of freedom exist in double-layered LaS^M^Oy. 



It is interesting to explore the reasons for the huge 
resonant enhancement of the charge Bragg (0 2) re- 
flection at the La M IVj v-edges. This peak is allowed 
for the tetragonal structure of this compound. The 
observed intensity in resonant soft X-ray scattering is 
mainly determined by the anomalous atomic scattering 
factor of the resonant atoms. This factor is a function 
of the incident photon energy E and can be expressed 
as f(E) = fi(E) + if 2(E), where the imaginary part 
/2(E) is related to the absorption coefficient and the 
real part fi(E) can be deduced from /2(E) through the 
mutual Kramers-Kronig relation [13 . The X-ray ab- 
sorption spectrum of this compound at the La M IVj v- 
edges needs to be measured for a quantitative calcula- 
tion of the anomalous scattering factor. The anomalous 
atomic scattering factor shows a tensorial character and 
its anisotropy is mainly related to the distortion of the 
local environment. During the resonant soft X-ray scat- 
tering process, in principle, the excited electron is sen- 
sitive to any anisotropy around the absorbing ions, e.g., 
the anisotropy of charge, orbital, spin or lattice. There 
are two types of distortion related to the Mn06 octahe- 
dra in manganites: (i) one is the Jahn- Teller (JT) dis- 
tortion that is inherent to the high- spin (5 = 2) Mn 3+ 
ions, resulting in different Mn-0 bond lengths, which 
is accompanied by the OO of occupied Mn 3d orbitals; 
(ii) another is the cooperative rotation corresponding to 
the Mn-O-Mn bond angle and tolerance factor, leading 
to lattice modulations and forming the octahedral tilt- 
ordering (TO). An octahedral TO of Pri^Ca^MnOs and 
LaMnOs [14] was observed by tuning the incident X-ray 
energy to the L ll L n , and L m absorption edges of Pr and 
La, respectively. The structural data of LaS^M^Oy as 
a function of temperature was not completed [15 and 
the existing structural parameters were strongly chal- 
lenged by the single-crystal study [Tfr. The tetragonal 
symmetry (14/mmm) of LaS^M^Or determines that 
the out-of-plane Mn-O-Mn bond angle along the c axis 
is 180° and the JT distortion size which is defined as 
the ratio of the averaged apical and the equatorial Mn-0 
bond lengths is close to unity down to 10 K [Fig. [ljc)]. 
Thus no octahedral TO exists in LaS^M^Or. However, 
the distortion mode developed for the Mn06 octahedra 
based on the Mn-0 bond lengths indeed exists [Fig.[IJb)], 
which was confirmed by a Raman spectroscopy study 
[T7] . Raman spectroscopy is a very sensitive probe of 
the local and dynamical structural changes. This scat- 
tering method can be used to study the complex interplay 
of lattice dynamics with ordering parameters in mangan- 
ites. In [17], the major intensity of out-of-plane spectra 
was assigned to this stretching mode [Fig. [TJb)] and is 
independent of temperature. In addition, two tiny in- 
tensities in out-of-plane spectra were attributed to the 
Raman allowed modes in the original structure: atomic 
motion of La/Sr ions along the c direction. Moreover, the 
rest appreciable intensities were thought to be from the 
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activated modes, i.e., the coupling between lattice distor- 
tion and CO/OO. This octahedral distortion mode has 
little effect on the local crystal environment of Lai sites 
that locate at the center of four double-Mn06 octahedra 
[Fig. [TJc)], while it has a profound effect on that of the 
La2 sites due to the asymmetric action. Indeed, based 
on the reported structural parameters at room tempera- 
ture [7 , the calculated local distortion sizes of Lai and 
La2 sites by Fullprof suite [18] are 3.2 x 10" 5 and 1.4 x 
10 -3 , respectively. The strongly produced anisotropy of 
La2 sites may lead to the resonant enhancement of the 
charge Bragg (0 2) reflection at the La M IVj v -edges. 
In addition, the observed competition between 00 and 
temperature dependent integrated intensity of the charge 
Bragg (0 2) reflection is in agreement with Ref. [T7] . 

To summarize, a systematic resonant soft X-ray scat- 
tering study at the La M IV , v-edges on the possible lattice 
modulations and at the Mn L 11} :iI -edges on the ^4-AFM 
structure in LaS^M^Oy has been accomplished. At 15 
K, well below T N ~160 K, dramatic enhancements of the 
charge Bragg (0 2) and the AFM (0 1) reflections at 
the La M IV , v and the Mn L 11} m - edges were observed, 
respectively. The temperature dependences of the AFM 
(0 1) resonance at the six featured energies show a sim- 
ilar trend and disappear simultaneously above T N . The 
resonant intensity of the charge Bragg (0 2) reflection 
persists from 15 K to 300 K and was strongly strived by 
the OO around 220 K. 
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